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RESEARCH MEMORANDUM

PRELIMINARY EVALUATION OF THE AIR AND FUEL SPECIFIC-IMPULSE
CHARACTERISTICS OF SEVERAL, POTENTTAL. RAM-JET FUELS
II - MAGNESIUM ARD MAGRESIUM - OCTENE-1 SLURRIES

By Benson E. Gammon

SUMMARY

A preliminary analytical evaluation of the air and fuel specific-
impulse chsracteristics of magnesium and magnesium - octene-l slurries
was made,

Adigbatic combustion flasme temperasture, alr specific impulse, and
fuel-weight specific impulse are given for each fuel. The air- and
fuel-welght specific-impulse data for octene~l, which was taken as
representative of hydrocarbon performance, are presented for comparison.

The combustion flame temperstures available with magnesiuvm and
magnesium - octene-l slurries are greater than those for octene-l. The
alr specific impulse, or thrust, availsble for magnesium and for
megnesium - octene-l slurries exceeds that available for octene-l.
Ram-jet combustor operation with magnesium hydrocerbon slurries offers
a means of improving the fuel-weight specific impulse attaineble with
magnesium alone and of increasing the limiting sir speclific impulse
attainable with hydrocarbon alone.

Under the.conditions considered in the calculations, aluminum gives
a better fuel-weight specific impulse than magnesium for all air-
specific-impulse values less than 185; for air specific-impulse values
greater than 185, magnesium apparently gives superior fuel-weight
gpecific-~impulse values. Under the conditions comnsidered in the cal-
culgtions, magnesium -~ octene-l slurries are roughly equal, or superilor,
to aluminum - octene-~l slurries with respect to fuel-weight specific
impulse at a fixed air specific impulse.
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INTRODUCTTION

An analytical investigation is being conducted at the NACA ILewls
laboratory to determine the air and fuel specific-impulse characteris-
tics of several potentisl ram-jet fuels, This analyticel investigation
1s a part of a larger program to explore ram-jet fuel potentialities
experimentally and analytically. Fuels being considered in the analy-
tical investigation include: boron, diborane, pentaborane, hydrogen,
a~methylnaphthalene, octene-l (taken as representstive of aviation-
gwdhemﬂwmm@,@@mmcwmmaMJhmkswbwm,m@wmm
and aluminum, in octene-l. Data on the alr and fuel specific-impulse
characteristics for octene~l, sluminum, and aluminum - octene-l slurries
exre presented in reference 1. The sir specific impulse is s measure of
the potential thrust, whereas the fuel-welght specific impulse is a
measure of the length of time a pound of fuel will maintsin the air
specific impulse. The fuel specific impulse is a measure of the fuel

economy.

The practical utilization of solid metals as fuels for other than
short-range ram jets presents considerable fuel transport and Injectiom
problems. The use of fluidized metal-hydrocarbon slurries offers one
DPossible way of achleving metal-fuel benefits with an spparent minimum
alteration of current liquid-fuel storage, pumping, and injection
apparatus and techniques. .

Magnesium offers possible advantages over aluminum ss a potential
rem-jet fuel. The heat of combustion per pound of alr for magnesium is
greater than for aluminum. Magnesium is more chemically reactive than
aluminum; this suggests possible adventages of conmbustion stability.
One of the commercial manufacturing methods (reference 2) produces
magnesium in a finely divided state which may prove to be suitable for
use in hydrocarbon slurries.

The physical properties of the metal oxide formed in combustion are
important with regerd to the formation of deposits in the combustor and
nozzle. Aluminum sesquioxide undergoes a solid-liquid phase transition
at temperatures sufficiently low to make deposits an operational problem
(reference 3). The magnesium oxide solid-liquid phase transition takes
place at a considerably higher tempersture than the aluminum sesquloxide
transition. As a consequence, less difficulty due to oxide deposits
might be anticipated for magnesium when used as & ram-jet fuel.
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The present report gives data for magnesium snd for magnesium -
octene~1 slurrlies on:

(a) Adiebatic combustion flame temperasture as a function of equi-
valence ratio

('b) Alr specific impulse as a function of equlvalence ratio

(c) Fuel-weight specific impulse as a function of fuel equivalence
ratio

(d) Fuel-weight specific impulse as a function of air specific
impulse }

THERMODYNAMIC DATA AND ANATYTTCAL. METHOD

Thermodynemic data. - Thermodynemic dats for the constituents, with
exceptions indicated below, are taken from reference 4. An empirical
equation (given in reference 5) for the heat capacity of magnesium
oxide was used to obtain tgbulated values of enthalpy, entropy, and
heat capacity. The heat of formation of magnesium oxide is also taken
from reference 5; the standard-state entropy of magnesium oxide is taken
from reference 6. Thermodynamic data for the vspor pressure of mag-
nesium oxide at elevated temperatures, the bolling point temperature, -
the latent hegt of vaporization of magnesium oxide, and the equilibrium
constants for the dissociation of magnesium oxide are of such a nature
that speclal assumptions had to be made in the analytical method.

Anslytical method. - The gnalytical method employed:-is presented
in reference 1; the same method was used for megnesium and msgnesium -
octene-1l slurries as was used for aluminum and for aluminum - oectene-l
slurries. The empirical hegt-capacity equation for magnesium oxide is
valid up to 3800° R with an accurscy of +2 percent; 1t was extrapolsted
to ebout 5800° R. Suitable vapor-pressure data for magnesium oxide as
well as equilibrium data with magnesium and oxygen are not available.
Consequently, throughout the calculations, megnesium oxide was con~
sidered 8 nondissociating condensed phase without significent vapor
pressure. No attempt was made to extend the calculations to higher
temperatures and air-specific-~impulse values because of these limita-
tions.

The constituents considered to be present when magnesium was used
as the sole fuel are: solid magnesium oxide, nitrogen, oxygen, nitric
oxide, atomic nitrogen, and atomic oxygen. The constituents considered
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when magnesium - octene-l1 slurries were used are: so0lid magnesium
oxide, carbon dioxide, nitric oxide, water, oxygen, hydrogen, nitrogen,
carbon monoxide, hydroxyl radicael, atomic hydrogen, atomic nitrogen,
and gtomic oxygen. : -

Combustor inlet-air conditions are taken as 560° R and a pressure
of 2 atmospheres throughout the asnalysis. The terms “Puel equivalence
ratio and stoichiometric fuel fraction®are based on the oxygen avail-
able in the air and are used interchangeably.

RESULTS AND DISCUSSION

Temperature. - The adiabatic constant-pressure combustion tempera-
ture and the nozzle-exit gas temperature for magnesium and for
magnesium - octene-l slurries are presented in figures 1(a) end 1(b),
respectively. At a stolchiometriec fraction of 0.5 and an inlet~air
temperature of 560° R, the adisbatic combustion temperature is 5500° R
for magnesium. For the magnesium - octene-l slurry at a total stoi-
chiometrlc fuel fraction of 1.0 and a magnesium stolchicmetric fuel
fraction of 0.5, the adiebatic combustion temperature is 5720° R.

Alr specific impulse. ~ At a fixed total fuel equivalence ratio of
1.0 for magnesium - octene-1 slurries, the air specific impulse varies
from 170.4 {(1b)(sec) /1b air) at a magnesium equivalence ratioc of O
to 208 ((1b) (sec)/1b air)at a magnesium equivalence ratio of 0.5 as
1ls represented in figure 2. It is not anticipated that this approxi-
mately linear variation of air specific impulse with mesgnesium equi-
valence ratio would hold up to a magnesium equivalence ratio of 1.0.
The weight percent of megnesium in the slurry 1s shown as an auxiliary
seale, '

The variation of air specific impulse with stoichiometric mag-
nesium fraction is presented in figure 3. The air specific impulse
varies nonlinearly from 109 at a magnesium equivalence ratio of 0.1
to 191 at an equivalence ratio of 0.5. The dashed octene-1 curve,
taken as representstive of aviation-gasoline performance, is shown in
this flgure as g reference gtandard. At the stoichiometric point, dste
for the air specific impulse of magnesium - cctene-l slurries at the
0.1, 0.3, and 0.5 magnesium equivalence fractions teken from figure 2
are shown in figure 3. This figure suggests a manner of interpolating
or extrapolating the data to conditions not covered in the csleulations.
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Fuel-welght specific impulse. - The variation of fuel-weight spe~
cific impulse with magnesium equivaelence ratio is presented in figure 4.
In figure 5 is shown the variation of fuel-weight specific impulse with
stolchiometric fraction of magnesium in a magnesium - octene-l slurry
when the totel stoichiometric fuel fraction is fixed at 1.0.

Relation between air and fuel specific impulse. ~ Figure 6 presents
the veriation of fuel-welght specific impulse with air specific impulse
for magnesium. These data were obtained by cross plotting the data for
fuel- and air-specific-impulse variation with stoichiometric fuel frac-
tion. The curves for octene-l and for aluminum are shown also. At a
fixed air specific impulse below 172 ((lb) (sec) /1b air), octene-1 gives
a fuel specific impulse superior to magnesium. Magnesium, however,
permits the atteinment of higher ailr-specific-impulse values than
octene~l. For alr-specific-impulse velues below about 185, aluminum
gives fuel-specific-impulse values superior to magnesium; above this
value the inverse is apparently true. -

The variation of fuel-weight specific impulse with air specific
inpulse for magnesium -~ octene-l slurries at a fixed total stoichio-
metric fuel fraction of 1.0 is presented in figure 7. The aluminum -
octene-l dotted curve is shown for comparison. The magnesium - octene-1l
slurries, under these conditions, are,roughly equal, or superior, to
eluminum - octene-l slurries with regerd to the value of fuel-welght
specific impulse at a fixed air specific impulse.

Data for octene-l, magnesium, and magnesium - octene-1 slurries
previously shown in figures 6 and 7 are represented on a common scale
in figure 8.

SUMMARY OF RESULTS

For the conditions of this preliminary anslysis, the fbllowing
conelusions may be drawn:

l. Magnesium is capable of producing higher combustlion flame tem-
peratures than octene~l. Magnesium used as a ram-Jet fuel is capgble
of producing & higher limiting air specific impulse than octene-l.
Where ram-jet combustion operstion is feasible at a given alr specific
impulse with octene-l and with magnesium, octene-l has a higher fuel-
weight specific impulse than magnesium.
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2. Magnesium-octene-l (or magnesium-hydrocarbon) slurries offer &
means of increasing the limiting air specific impulse availeble with
octene-l. (hydroca.r'bon fuels). With magnesium - octene-l slurries a
higher fuel-weight specific impulse is poséible than when ram-jet
operation is achieved at the same air specific impulse with msgnesium
alone.

3. Under the conditions considered in these calculations, aluminum
glves a fuel-weight specific impulse superior to magnesium for all air
specific-impulse values less than about 185 {(1b) (sec)/1b air; sbove
air-specific-impulse values of 185 {(1b)( sec) /1b air), the inverse is
apparently true.

4. Under the conditions cansidered in these calculations,
megnesium - octene-l slurries are roughly equal, or superior, to
aluninum - octene-l slurries with respect to fuel-weight specific
impulse at a fixed glr specific impulse,

5. Additional thermodynemlc date for magnesium oxide at elevated
temperatures are’required to extend thle analysis to higher temperatures
and higher air-specific-impulse values.

Lewis Flight Propulsion Lgboratary,
Nationel Advisory Committee for Aeronautics,
Cleveland, Ohio,

.
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